Kisspeptin is a neuropeptide that was originally discovered in 1996 from a metastasis tumour suppressor gene, KISS1 and was appropriately named metastin. More recently, the discovery of inactivating mutations in the receptor for kisspeptin, a G protein-coupled receptor, GPR54 (KISS1R), have been shown to result in a failure to progress through puberty in man. These findings have led to the kisspeptin/KISS1R system being described as an essential gatekeeper of reproductive function. Recent studies have suggested additional roles of kisspeptin, other than in the central control of the gonadotropic axis including placentation and pregnancy, energy homeostasis and cardiovascular function. Therefore, kisspeptin-KISS1R signalling potentially plays diverse roles in human physiology. Here, we review the literature regarding the role and physiological significance of kisspeptin in pregnancy and highlight some of the key questions that require addressing.
Introduction
Kisspeptin is a neuropeptide that was originally discovered in 1996 from a metastasis tumour suppressor gene, KISS1 (Lee et al. 1996) and was appropriately named metastin. More recently, the discovery of inactivating mutations in the receptor for kisspeptin, a G-protein-coupled receptor, KISS1R, have been shown to result in a failure to progress through puberty in man (de Roux et al. 2003 , Seminara et al. 2003 , Lanfranco et al. 2005 , Semple et al. 2005 . These findings have led to the kisspeptin/KISS1R system being described as an essential gatekeeper of reproductive function (Seminara et al. 2003) . Recent studies have suggested additional roles of kisspeptin, other than in the central control of the gonadotrophic axis including placentation and pregnancy, energy homeostasis and cardiovascular function (Bilban et al. 2004 , Tena-Sempere 2006 , Crown et al. 2007 , Hiden et al. 2007 , Mead et al. 2007b . Therefore, kisspeptin-KISS1R signalling potentially plays diverse roles in human physiology. Here, we review the literature regarding the role and physiological significance of kisspeptin in pregnancy and highlight some of the key questions that require addressing.
Kisspeptins and KISS1R

Discovery and nomenclature
Kisspeptins comprise a family of peptides derived from the primary translation product of the KISS1 gene, localized to chromosome 1, which were identified more than a decade ago (Lee et al. 1996) . These peptides were discovered as the result of a systematic bioinformatics search for processed peptides encoded by the human genome (Ohtaki et al. 2001) , and simultaneously by the isolation of a biological activity from human placenta and its identification by mass spectrometry (Kotani et al. 2001) . Proteolytic processing of the full-length 145 amino acid kisspeptin protein results in shorter fragments of the carboxyl (C)-terminus region of the molecule with 54 (KP-54; previously designated metastin), 14 (KP14), 13 (KP-13) or 10 (KP-10) amino acids (Kotani et al. 2001 , Ohtaki et al. 2001 . Initially, the largest cleavage product, KP-54 was identified for its ability to suppress the metastatic potential of malignant melanoma cells (Lee et al. 1996 , Lee & Welch 1997 and it was therefore termed 'metastin' (Ohtaki et al. 2001) . Interestingly, the naming of the gene KISS1 and its product, kisspeptin (aka metastin), was made by the team of scientists who discovered the gene in the town of Hershey, Pennsylvania, famous for its chocolate 'kisses', with inclusion of the terminology 'SS' also indicating a suppressor sequence. The term 'kisspeptins' is now widely employed to collectively describe this family of peptides that show an Arg-Phe-NH 2 motif at the C-terminus, characteristic of the extensive RF-amide peptide superfamily (Roa et al. 2008) .
Intracellular signalling
The mechanism(s) of action of kisspeptins are only partially elaborated. Kisspeptins are endogenous ligands for a G-protein-coupled receptor named GPR54 (in rat), hOT7T175, AXOR12 (the human homologues), or alternatively, KISS1R (Lee et al. 1999 , Muir et al. 2001 . KISS1R was originally cloned from rat brain tissue as an orphan receptor with a sequence similar (28-39% protein homology) to the galanin receptors (Lee et al. 1999) although it is unresponsive to galanin ligands. In 2001, kisspeptins were shown to be the endogenous ligands for KISS1R (Kotani et al. 2001 , Muir et al. 2001 , Ohtaki et al. 2001 . All kisspeptins are able to bind KISS1R, with KP-10 having maximal activity at the receptor level (Kotani et al. 2001) . Indeed, KP-10 is highly conserved between human, sheep, mouse and rat, with only one amino acid difference in the sequence between species. The major intracellular signalling system recruited by KISS1R is the Gq pathway, which activates phospholipase C to hydrolyse phosphatidylinositol bisphosphate to inositol trisphosphate and diacyl glycerol, which mobilize intracellular Ca 2C mobilization and activate protein kinase C respectively (Muir et al. 2001 , Becker et al. 2005 . This subsequently causes downstream activation of MAPK3/1 and MAPK14 MAP kinases in a variety of cell types including KISS1R-transfected Chinese hamster ovary (CHO) cells (Kotani et al. 2001 ) and trophoblast cells (Bilban et al. 2004 .
Kisspeptin has also been shown to signal to a variety of factors involved in cell migration, which have been hypothesized to be important in both trophoblast and metastasis inhibition. For example, kisspeptin can induce focal adhesion and stress fibre formation (Kotani et al. 2001 , Ohtaki et al. 2001 . Kisspeptin can also phosphorylate focal adhesion kinase and paxillin, the intracellular signals needed for these events, which may associate with integrins to inhibit migration (Ohtaki et al. 2001) . Kisspeptin has also been shown to diminish matrix metalloprotease (MMP)9 expression by reduced NFKB binding to the MMP9 promoter, to cause an inhibition of cell migration (Yan et al. 2001) . This may also prove to be important in placentation but additional work will be necessary to determine which factors are involved in the activation of the NFKB pathway by KISS1R.
Finally, it has been suggested that kisspeptin may suppress metastasis by induction of apoptosis in cells since metastatic spread is dependent on cell growth (Harms et al. 2003) , but there have been conflicting reports in the literature. Culturing recombinant CHO cells with 1 mM KP-10 resulted in a strong antiproliferative effect, while no evidence of apoptosis was detected (concentration used not disclosed; Kotani et al. 2001) . By contrast, in a more recent study using human mammary carcinoma cells and a cDNA microarray, stimulation of KISS1R by 500 nM KP-10 caused upregulation of several genes involved in cell cycle progression (including CDKN1A, GADD45A, GADD45B, and HIF1A-responsive DDIT4), cell cycle arrest and apoptosis (Becker et al. 2005) .
Tissue distribution
Tissue distribution of KISS1R and KISS1 often coincides. Distribution has been best described in the rodent where expression of both receptor and ligand are the highest in placenta, with additional wide distribution throughout the CN (the highest levels in hypothalamus and pituitary but also in cerebellum, cortex and brainstem; Lee et al. 1996 , Kotani et al. 2001 , Muir et al. 2001 . There are also some reports of variable expression in rodent adipose tissue, pancreas, liver, small intestine, peripheral blood lymphocytes, testes, lymph nodes, and in human aorta, coronary artery and umbilical vein, although the cellular distribution is not always well described (Muir et al. 2001 , Ohtaki et al. 2001 , Hauge-Evans et al. 2006 , Mead et al. 2007a . Moreover, the specificity of antiserum used in some of these studies has yet to be fully confirmed. This is crucial in view of the large number of peptides with the RF.NH 2 motif at their carboxyl termini. The cellular distribution in the placenta will be described in more detail below.
Kisspeptin and reproduction
Puberty
The connection between the kisspeptin/KISS1R system and pubertal development was revealed in 2003 when two groups independently reported the presence of inactivating mutations of KISS1R in patients with hypogonadotrophic hypogonadism (de Roux et al. 2003 , Seminara et al. 2003 , a condition characterized by the absence of sexual maturation and decreased levels of sex hormones and gonadotrophins. Numerous and extensive studies provide cogent arguments for a crucial role for kisspeptin in development, puberty and adult function of the hypothalamic-pituitary-gonadal axis (see reviews by Colledge 2004 , Crown et al. 2007 , Roa et al. 2008 . The link between kisspeptin activation and onset of puberty was confirmed following the description of the 2 R M Reynolds and others phenotype of Kiss1r-knockout mice which closely paralleled that of human hypogonadotrophic hypogonadism (Funes et al. 2003 , Seminara et al. 2003 . Mice lacking the KISS1R receptor failed to undergo puberty and mutant males were sterile with very small genitalia and lacked secondary sexual characteristics (Funes et al. 2003 , Seminara et al. 2003 . Similarly, mutant female mice also failed to undergo sexual maturation; the uterine horns from mutants were thread-like and the ovaries significantly smaller than normal. In addition, the ovaries contained primary and secondary follicles but large antral (Graafian) follicles or corpora lutea were never found. The phenotype of Kiss1r-null mice was consistent with a lack of sex steroid production and serum testosterone and oestradiol levels were lower than normal in these animals (Seminara et al. 2003) . It has also been reported that mice lacking the Kiss1 gene exhibited abnormal timing of puberty (d'Anglemont de Tassigny et al. 2007 , Lapatto et al. 2007 , although their reproductive phenotypes were not as severe as the Kiss1r-knockout mice. These animals also have impaired sexual maturation, low gonadotrophin levels and abnormal gametogenesis, but the phenotype of Kiss1-knockout mice appears to be more variable, with some animals being less severely affected, and indeed, some females having larger gonadal weight and persistent vaginal cornification (Lapatto et al. 2007) . This may suggest different thresholds for sexual maturation or that other RF.NH 2 peptides may be able to substitute for kisspeptins.
In support of a role for kisspeptin as a gatekeeper of puberty, a gain-of-function mutation that activates KISS1R signalling has recently been described in an 8-year old girl who presented with idiopathic central precocious (premature) puberty (Teles et al. 2008) . In vitro studies demonstrated that the substitution of proline for arginine at amino acid 386 (Arg386Pro) leads to prolonged activation of intracellular signalling pathways in response to kisspeptin (Teles et al. 2008) . Consequently, KISS1R agonists have therapeutic potential in initiating puberty in cases of pubertal delay and kisspeptin antagonists or desensitization with agonists may find application in precocious puberty.
Pregnancy and placenta
Circulating kisspeptin levels are low in males and nonpregnant females (!2 pmol/l) but dramatically increase in pregnancy (Horikoshi et al. 2003) . In the first reported study of 10 pregnant women and 12 non-pregnant controls, kisspeptin levels increased by 940-fold in the first trimester and further increased to some w7000-fold higher in the third trimester. Circulating kisspeptin levels fell again 5 days post delivery to comparable concentrations prior to pregnancy, implicating a placental source of the peptide. In support of a placental origin, plasma kisspeptin levels are increased in patients with gestational trophoblastic neoplasia and fall during and after treatment with chemotherapy (Dhillo et al. 2006) . The circulating levels of kisspeptin are considerably higher than the levels of kisspeptin achieved after exogenous administration, which have been shown to potently stimulate LH (Dhillo et al. 2006) . However, LH is not elevated in pregnancy. There are several possible explanations for this apparent discrepancy. For example, the KISS1R receptor in GNRH1 neurons may be desensitized as has been demonstrated in rhesus monkeys (Plant & Ramaswamy 2009 ). Alternatively, other factors in pregnancy such as elevated progesterone prevent the GNRH1 neurone from responding to kisspeptin. In addition, there may be species differences in responses, as for example, in the rodent, despite suppression of LH levels during pregnancy, LH responses to high (1 nmol) doses of kisspeptin were preserved during gestation (Roa et al. 2006) . Moreover, significant LH responses were observed after central injection of doses as low as 0.1 pmol, suggesting preserved (if not enhanced) sensitivity to kisspeptin during gestation (Roa et al. 2006 ). Finally, it remains possible that the kisspeptin immunoreactivity measured in pregnancy plasma is not in fact kisspeptin but a cross-reacting peptide/s. Thus, the physiological role of circulating kisspeptin during pregnancy remains uncertain.
Kisspeptin has a prime location at the foeto-maternal interface, being abundant in the syncytiotrophoblast of the both normal human placenta (Bilban et al. 2004 ) and in molar pregnancies (Janneau et al. 2002) . The outer syncytiotrophoblasts lie adjacent to blood vessels allowing easy passage of kisspeptin into the maternal blood (Fig. 1) . KISS1R has been identified in both the villous and invasive extravillous human cytotrophoblasts (Janneau et al. 2002 , Bilban et al. 2004 . Intriguingly, levels of expression of both KISS1 and KISS1R mRNA are higher in first trimester placentae than in term placentae (Bilban et al. 2004 ), apparently contrasting with higher circulating kisspeptin levels reported during pregnancy (Horikoshi et al. 2003) . Although the human and rat differ in regard to length of gestation and placental structure, the spatial and temporal expression of KISS1 and KISS1R are similar. KISS1 mRNA is expressed in the trophoblast giant cells of the rodent placenta (Terao et al. 2004) , which are responsible for early invasion as they invade the spiral arteries and replace the endovasculature. These cells are thus considered as having the same functional phenotype as the human extravillous trophoblasts. As in the human, levels of KISS1 and its receptor gradually decline during placental maturation and are not detectable at embryonic (e) day 18.5 (Terao et al. 2004) .
The finding of the highest expression levels of KISS1 and KISS1R mRNAs in trophoblast cells during the first trimester in humans and at e12.5 in rodents coincides with the time of peak trophoblast invasion when regulation of this process is of critical importance. Kisspeptin and pregnancy In vitro, KP10 inhibits the migration and invasion of trophoblast cells (Bilban et al. 2004 ) and thus it is postulated that kisspeptin plays a key role in restraining trophoblast invasion and regulating implantation and subsequent development. To investigate this hypothesis, circulating levels of kisspeptin have been measured in plasma and serum from women with pregnancies associated with poor placentation. A recent study on a small number of subjects has reported that circulating levels of kisspeptin measured early in pregnancy (between 8 and 14 weeks gestation) were lower in women who later had small for gestational age neonates (Smets et al. 2008) . Likewise, lower kisspeptin levels were found in early second trimester (w16-week gestation) serum samples from women who subsequently developed pre-eclampsia and/or delivered offspring with intrauterine growth retardation (RA Armstrong, RM Reynolds, R Leask, CH Shearing, AA Calder & SC Riley, 2008, personal communication). These findings appear to be contrary to a role of kisspeptin in inhibiting invasion. One hypothesis to explain the findings of lower circulating kisspeptin levels in these pregnancies, where reduced invasive capacity would be expected, is that low expression of kisspeptin within the placenta signals low invasive capacity (Smets et al. 2008) . Alternatively, development of smaller, less invasive placentas occur first and these produce less kisspeptin. However, another study reported higher KISS1 mRNA and protein, in association lower MMP9 mRNA and protein expression in trophoblasts from women with pre-eclampsia compared with controls and an inverse correlation of KISS1 mRNA expression levels with birth weight (Qiao et al. 2005 ; Fig. 2) . To date, all data regarding circulating kisspeptin, KISS1 expression and pre-eclampsia are correlative and so whether altered kisspeptin levels are a cause or consequence of the disease cannot be determined from these studies. A possible role for kisspeptin in the prevention of ectopic pregnancy has also been speculated upon following the finding of Kiss1 mRNA in mouse fallopian tube (Gaytan et al. 2007) , and a potential role in parturition suggested (Torricelli et al. 2008) , but clearly more studies are required to test these hypotheses.
Cellular and molecular mechanisms of kisspeptin actions in the placenta
The mechanisms by which kisspeptin may regulate invasion of the trophoblast into the decidua have not been studied in detail (Bilban et al. 2004) but are likely to involve processes that are emerging in other tissues, such as in tumour biology. For example, kisspeptin has been shown to inhibit MMP expression and activity in vitro (Yan et al. 2001 , Yoshioka et al. 2008 , and MMPs are critically involved in events taking place at the cell-extracellular membrane interface such as cell division, migration and morphogenesis and ultimately regulate cell behaviour (Mott & Werb 2004) . There are striking similarities between the behaviour of invasive placental cells and of invasive cancer cells. Angiogenesis, the formation of new blood vessels from pre-existing vascular beds, is a common feature of both implantation and cancer spread (Murray & Lessey 1999) and is of vital importance in establishing the placenta. Kisspeptin and KISS1R expression have been reported in human aorta, coronary artery and umbilical vein and kisspeptin acts as a vasoconstrictor (a crucial phase in angiogenesis) in isolated coronary arteries (Mead et al. 2007a) , suggesting a role in the vascular system. A potential angiostatic effect of kisspeptin may also explain, at least in part, the anti-metastatic potential of this peptide given that angiogenesis is intimately involved in this process. Indeed, a very recent gene expression profiling study has emerged to support this hypothesis. In metastatic brain tumours, there was upregulation of genes involved in angiogenesis (vascular endothelial growth factor and placental growth factor), cell adhesion and migration (including integrins, and extracellular matrices collagen and laminin) and marked downregulation of genes involved in apoptosis, neuroprotection and suppression of angiogenesis (including KISS1; Zohrabian et al. 2007) . Detailed in vitro and in vivo studies to investigate the potential angiostatic effects and to determine the molecular mechanisms underpinning such effects of kisspeptin are required. 
Facts and speculation
Interestingly, species-specific differences may exist in the importance of the kisspeptin/KISS1R system because, in Kiss1r-knockout mice, males and females were incapable of reproducing when paired with fertile littermates (Funes et al. 2003) whereas successful pregnancies have been reported in human females carrying a KISS1R mutation (Seminara et al. 2003) . Of note, the knockout mice have null mutations whereas human mutations are mainly non-sense mutations. Indeed, the physiological relevance of kisspeptin actions in human placental function is challenged by a lack of gross abnormalities in placental formation and/or function in humans and mice carrying null mutations in the Kiss1r gene (Seminara et al. 2003 , Pallais et al. 2006 . Nevertheless, this does not exclude a role for kisspeptin in the fine tuning of aspects of placental function and physiology. A potential role that KISS1R activation may have in regulating maternal physiology during pregnancy and the postpartum period was provided by evaluating pregnancy outcomes in a female patient bearing the homozygote leucine to serine mutation at amino acid 148 (L148S) within the third intracellular loop of KISS1R (Pallais et al. 2006) . All patients carrying homozygous or compound heterozygous mutations in Kiss1r are living proof of their ability to establish functioning placentas during early gestation. A female homozygote for L148S had a normal vaginal delivery of a healthy child of a normal birth weight, after induction of ovulation, demonstrating that KISS1R signalling in the mother is not critical for placental function and uterine contraction (as suggested by an earlier study in rodents whereby oxytocin production was stimulated by kisspeptin administration (Kotani et al. 2001) ). In addition, the ability of the patient with a KISS1R mutation to breastfeed suggests that KISS1R is not critical for lactation (Pallais et al. 2006) . Other putative, but little tested, roles for kisspeptin in pregnancy have included a role in aldosterone production and fluid balance (Nakamura et al. 2007) . Kisspeptin is also thought to have a central role in the metabolic regulation of reproductive function (Tena-Sempere 2006) . Mounting evidence now supports the hypothesis that peripheral, adipocyte-derived leptin modulates the functioning of the reproductive axis, at least in part, via regulation of the kisspeptin/KISS1R system. To date, this role for kisspeptin has principally been explored in relation to puberty but it may also be important in metabolic regulation during pregnancy. Finally, whether kisspeptin functions to downregulate the hypothalamic-pituitarygonadal axis in human pregnancy is not known.
Measurements of circulating kisspeptin levels during pregnancy should be interpreted with caution. In the published studies of kisspeptin in pregnancy, there are significantly different concentrations of circulating kisspeptin (Horikoshi et al. 2003 , Dhillo et al. 2006 reported, which may, in part, be attributable to differences in pre-analytical variables, such as collection tube type, processing times, and storage conditions (Ramachandran et al. 2008) , but may also reflect problems and/or lack of specificity of different assays used. For example, of the published data in human pregnancy, the assays used include an in-house two-site enzyme immunoassay in which the authors confirmed the presence of metastin immunoreactivity by detection of a single peak for metastin on reverse phase HPLC (Horikoshi et al. 2003 
Conclusions
Since the discovery of kisspeptin in 1996, there has been a rapidly developing field unravelling the potential physiological roles of this peptide. There remain many unanswered questions concerning its function in pregnancy. Kisspeptins do appear to be regulators of invasion both in pathological conditions (tumours) and also in physiological situations including trophoblast invasion in pregnancy. However, the significance of the dramatic rise in circulating levels of kisspeptin during pregnancy remains unknown (Horikoshi et al. 2003) . It has been suggested that measurement of circulating levels may be useful as a marker for gestational trophoblastic neoplasia (Dhillo et al. 2006) . Further studies are also required to see whether kisspeptin levels measured in pregnancy may be useful as a marker for predicting pregnancies associated with poor placentation such as intrauterine growth retardation or pre-eclampsia. The potential role of kisspeptin in regulating angiogenesis is exciting and may have important implications for physiological processes requiring tightly regulated angiogenesis including menstruation and pregnancy.
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